Mycoplasma gallisepticum represents a major threat to the poultry industry, acting as an important pathogen in chronic respiratory disease and resulting in reduced weight gain and egg production in infected birds. M. gallisepticum is also pathogenic in other species, causing infectious sinusitis in turkeys and conjunctivitis in house finches (4, 15) . With the exception of attachment proteins GapA and CrmA (10) , and to a lesser extent dihydrolipoamide dehydrogenase (Lpd) (3), little is known about factors responsible for survival or persistence in the host.
Mycoplasmas lack obvious homologues of conventional elements of transcriptional regulation, including sigma factors, signaling factors, and transcription factors. This absence has led to the supposition that differences in gene expression in mycoplasma species are due to population selection and heterogeneity rather than more traditional mechanisms. Although several basic investigations into transcriptional responses have shown differences due to heat shock (5, 17) and iron depletion (6) , changes that are not attributable to population selection, no study has thus far examined the whole transcriptomic response of mycoplasmas upon exposure to eukaryotic cells.
The availability of the genome sequence of M. gallisepticum strain R (11) enables a method of screening for transcriptomic changes; namely, an oligonucleotide-based microarray has been developed representing all known open reading frames (ORFs) based on this sequence. Utilizing this microarray, we investigated transcriptional changes when M. gallisepticum was incubated with a cell culture monolayer of human lung fibroblasts. In the absence of an established chicken trachea epithelial cell line, MRC-5 human lung fibroblasts have been used in previous studies as an in vitro model for M. gallisepticum interaction with host cells (9, 10, 12) . This approach identified 25 upregulated and 33 downregulated transcripts that were differentially expressed upon incubation with MRC-5 cells and thus provide evidence of their function, suggesting a potential role in the interaction of M. gallisepticum with host cells in vivo.
MATERIALS AND METHODS
Microarray design. An oligonucleotide-based microarray specific for M. gallisepticum strain R low was developed by MWG Biotech (Raleigh, NC). Oligonucleotides, each 50 nucleotides in length, were selected to represent each of the 756 putative ORFs. Thirty-six blank and eight Arabidopsis control features were included as negative controls. All features were spotted twice on glass slides, representing the genome in duplicate on each slide. Based on BLAST analysis (1), 21 features predicted to cross-hybridize with more than one genetic locus were excluded from further analysis.
Culture conditions and experimental design. M. gallisepticum strain R low (passage 14) was cultured at 37°C in Hayflick's complete medium (2) until mid-log phase, as determined by color change and optical density. MRC-5 human lung fibroblasts (ATCC, Manassas, VA) were cultured to 95% confluence in 150-cm 2 flasks (Fisher Scientific, Pittsburgh, PA) in minimal essential medium with 10% fetal bovine serum, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids at 37°C with 5% CO 2 . MRC-5 cell monolayers were washed three times in phosphate-buffered saline prior to exposure to mycoplasmas. Mid-log-phase R low cultures were pelleted by centrifugation at 10,000 ϫ g for 10 minutes, resuspended in 10 ml of Hayflick's complete medium, and incubated with washed MRC-5 cells for 1 hour at 37°C. Mid-log-phase R low cultures, incubated 1 hour at 37°C, were used as reference samples for microarray and reverse transcriptase PCR (RT-PCR) analysis. Prior to RNA extraction, mycoplasma-fibroblast cocultures were washed three times with phosphate-buffered saline.
RNA extraction. Total RNA was extracted from pelleted broth-grown R low , mycoplasma-MRC-5 cocultures, and MRC-5 monolayers using TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. RNA was treated with DNase (Sigma, St. Louis, MO) and purified using phenol-chloroform-isoamyl alcohol (Fisher Scientific), and concentration was determined based on absorbance at the 260-nm wavelength. Eukaryotic ribosomal and polyadenylated RNAs were removed from samples derived from infected monolayers using the MICROBEnrich kit according to the manufacturer's instructions (Ambion, Austin, TX). RNA extracted from broth-grown R low cultures was also treated once according to the protocol of the MICROBEnrich kit as a control. Each RNA sample was viewed in a 0.8% agarose gel to confirm RNA integrity.
Microarray hybridization. Fifty micrograms of total RNA from each condition was reverse transcribed using the Amino Allyl cDNA labeling kit (Ambion) according to the manufacturer's instructions. Samples were labeled with either Cy3 or Cy5 (Amersham Biosciences, Buckinghamshire, United Kingdom), excess dye was removed using the Nuc-Away spin columns provided in the Amino Allyl cDNA labeling kit, and labeled cDNA was resuspended in hybridization buffer (MWG Biotech). Microarray slides were blocked in blocking buffer (1% bovine serum albumin and 2% sodium dodecyl sulfate in 1ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate]) for 1 hour at 42°C and washed three times in 0.1ϫ SSC buffer prior to hybridization. Labeled cDNA was resuspended in hybridization buffer, heated briefly at 95°C, cooled on ice, hybridized to the blocked slide at 42°C for 18 hours, and then washed three times with decreasing concentrations of SSC buffer (2ϫ SSC with 0.1% sodium dodecyl sulfate, 1ϫ SSC, and 0.1ϫ SSC). Separate RNA extractions and hybridizations were repeated five times, switching sample dyes for two of the five experiments.
Data acquisition and analysis. Microarray slides were scanned using a GenePix 4000B scanner (Axon Instruments, Sunnyvale, CA), and data were acquired with the GenePix 4.0 (Axon Instruments). Features were individually analyzed and normalized using the Bayesian Analysis of Gene Expression Level (BAGEL) model (8) (University of California, Berkeley, CA). Briefly, fluorescence levels for each feature in each data set are normalized, and then a relative expression level and a P value are determined across all data sets through the application of a specific algorithm by the BAGEL model. Up-or downregulated genes were selected by averaging values across duplicate features and filtering reproducible features that were significantly up-or downregulated more than 1.5-fold (P Ͻ 0.05). The relative expression level for each transcript was averaged across duplicate features.
Validation of microarray data. Relative transcription levels of differentially regulated transcripts were investigated by RT-PCR. RNA was generated in three separate extractions from R low grown in broth culture and mycoplasma-MRC-5 cocultures as described above with the addition of RNALater (Ambion) according to the manufacturer's instructions. All primers (MWG Biotech) were used at a final concentration of 400 nM and checked for cross-hybridization with MRC-5 RNA. Reactions were performed using 100 ng and 10 ng of RNA and the SuperScript RT-PCR kit (Invitrogen). Cycling conditions for RT-PCRs were as follows: 50°C reverse transcription for 25 min, 94°C denaturation for 2 minutes, amplification for 35 cycles using 94°C denaturation for 30 seconds, 50°C annealing for 30 seconds, and 72°C extension for 45 seconds, followed by a final 72°C extension for 10 min. Contaminating DNA was detected by replacing the SuperScript Platinum Taq in the reaction mix with AmpliTaq (Applied Biosystems, Foster City, CA). Reactions were run in a 0.8% agarose gel with 0.01% ethidium bromide. Pictures of each gel were taken under UV light and scanned at 300 dpi. Bands of the same dilution were densitometrically compared using Adobe Photoshop 6.0 by measuring mean pixel intensity, subtracting background, and averaging the triplicate results for each condition.
Microarray data accession number. Microarray data were submitted to the Gene Expression Omnibus database under the accession number GSE6717.
RESULTS
Transcriptional profiling of M. gallisepticum strain R interacting with host cells. Transcriptomic comparisons of R low cultures grown in broth in relation to cultures incubated with MRC-5 cell monolayers were investigated by microarray analysis a total of five times. Duplicate features that reproducibly showed a significant (P Ͻ 0.05) increase or decrease in signal greater than 1.5-fold were included in the data set. A total of 25 upregulated (Table 1 ) and 33 downregulated (Table 2) transcripts met these criteria.
Validation of microarray data. Sixteen transcripts identified as differentially regulated by the microarray were chosen randomly for validation by RT-PCR, representing 27% of the total data set. Specific primers were designed for each transcript (Table 3) , and transcripts were compared between R low grown in broth culture and R low incubated with MRC-5 cells. Equal amounts of RNA were reverse transcribed, and band intensities of the resulting products were compared by measuring mean pixel intensity using Adobe Photoshop 6.0. This comparison was performed on three separate extractions of RNA for each condition. Fourteen of the 16 transcripts tested (88%) showed an upregulation or downregulation consistent with the microarray data. Figure 1 shows an example comparison of one replicate for both conditions at two different dilutions, displaying a clear downregulation of AtpB in R low associated with MRC-5 cells compared to the broth-grown culture. Densitometric analysis of the reaction shown indicated a 2.5-fold downregulation of this gene in R low incubated with MRC-5 cells compared with R low grown in broth culture. RT-PCR was performed on 23S rRNA and dnaK as housekeeping genes, as these genes would not be expected to be differentially regulated and were not predicted to be differentially regulated by 
DISCUSSION
This study presents, for the first time, evidence of transcriptional regulation in M. gallisepticum in response to environmental conditions and substantiates existing reports of transcriptional regulation in mycoplasmas (5, 6, 17) . The 1-hour incubation time in these experiments was specifically chosen to be shorter than a generation time (approximately 2 hours) to eliminate the influence of population selection or outgrowth. Criteria, specifically a P of Ͻ0.05 and at least a 1.5-fold change, were selected in order to include genes that were significantly and clearly differentially regulated upon exposure to lung fibroblasts in culture. These genes included 25 upregulated and 33 downregulated transcripts, representing approximately 8% of the predicted M. gallisepticum transcriptome. When 16 of these transcripts were examined by RT-PCR, 14 (88%) demonstrated relative transcriptional differences that were consistent with the microarray results.
These experiments verified the upregulated expression of 10 ORFs annotated as being hypothetical, supporting their role as functional genes. Six of these ORFs are unique to M. gallisepticum, and three are conserved among other mycoplasmas. Additionally, one hypothetical protein (p47) was identified by Markham et al. as having sequence homology to a macrophage-activating lipoprotein but was determined to have no role in pathogenicity or colonization based on the behavior of an isogenic mutant in a tracheal explant model (7) . Similarly, 10 hypothetical transcripts were downregulated, 5 of which are conserved primarily among other mycoplasmas and other related bacterial species. Two conserved hypothetical transcripts were further described to contain predicted functional domains based on BLAST analysis: MGA_676 contains a predicted nuclease domain, while MGA_249 contains a predicted methylase domain. This annotation does not assign specific functions to these transcripts, however.
Genes encoding ribosomal or translation-associated proteins were upregulated in the mycoplasmas associated with MRC-5 cells. These proteins included 10 ribosomal proteins as well as an RNA helicase (SrmB), which is involved in ribosome assembly, and RNase P (RnpA), which completes the development of tRNAs. A similar pattern was observed in Campylobacter jejuni cultured in rabbit ileal loops: the majority of ribosomal proteins were upregulated when attached to the intestinal epithelium (16) . A number of ribosomal transcripts were previously found to be upregulated in Mycoplasma pneumoniae following heat shock (17) , indicating that this response may be due to environmental stress; however, a similar response was not observed in a heat shock study on another mycoplasma species, Mycoplasma hyopneumoniae (5) . Whether in response to the host cell specifically or a general stress response, this pattern may simply reflect a global increase in translation.
Eleven metabolism-associated transcripts are downregulated upon exposure to MRC-5 cells, including four of the eight ATP synthase subunits and two of the four components of the pyruvate dehydrogenase complex. One of these components, Lpd, had been shown previously to be a virulence-related determinant by virtue of the attenuation of an isogenic mutant (3). The observed downregulation in these experiments is not necessarily contradictory to the previous report, however, as the Lpd mutant is introduced to the host with this pyruvate dehydrogenase deficiency, affecting its survival. Wildtype R low , conversely, will have a normal level of activity upon introduction to the host and may downregulate the pyruvate dehydrogenase complex subsequently, corresponding to the decrease observed here. Additional metabolism-related enzymes that are downregulated include a hypothetical protein possessing a dihydroxyacetone kinase domain (MGA_661), phosphomannomutase (CpsG), pentose-5-phosphate-3-epimerase (Rpe), purine-nucleoside phosphorylase (DeoD), and malate/lactate dehydrogenase (Mdh). With the exception of Rpe, all of these enzymes are in pathways involved in the metabolism of substrates other than glucose. Specifically, dihydroxyacetone kinase is involved in glycerol metabolism, DeoD is involved in nucleotide metabolism, and CpsG is involved in GDP-mannose metabolism (14) . This pattern suggests that when M. gallisepticum is in association with the host cell, glucose may be available as a primary energy source, allowing alternative pathways to be downregulated.
As mentioned above, four of the eight ATP synthase subunits were downregulated when M. gallisepticum was in contact with host cells. In the majority of prokaryotes, the ATP synthase complex maintains a proton gradient through catabolism and hydrolysis of ATP; however, since mycoplasmas lack an electron transport chain necessary for further generation of ATP, the complex is believed to function primarily to maintain the electrochemical gradient. Published reports also suggest that the "reverse" ATP-generating function of this complex is active in mycoplasmas; namely, ATP may be generated by electron transfer to flavoproteins using oxygen as an intermediate rather than a terminator (flavin-terminated respiration) (13) , and the b subunit of the complex, shown to be downregulated in this study, is likely surface exposed and thus potentially able to act in reverse (18) . The observed transcriptional decrease of ATP synthase genes could, alternatively, reflect uptake of metabolic precursors from the host cell.
The data presented here are the first assessment of transcriptional responses of M. gallisepticum associated with a eukaryotic cell. The specific roles of the identified transcripts in vivo will have to be further investigated. In particular, the transcriptional responses presented here are specifically a result of an interaction with the host cell, but whether the attachment mechanism, the invasion of the host cells (19) , or another component of the host cell is responsible remains to be determined. The downregulation of metabolism-associated genes when mycoplasmas are in contact with a host cell could be described as a shift to parasitism with the uptake of substrates from the host cell compared to the noncompetitive environment of a nutrient-rich growth medium. This change is particularly supported by the streamlining of metabolic pathways to possibly focus on a greater availability of glucose (or more directly, ATP) in association with the eukaryotic cell. The hypothetical ORFs upregulated in the presence of eukaryotic cells may be involved in colonization of the host. These data provide insight into the responses of M. gallisepticum to interaction with the host cell and provide candidates for further investigation into their roles in M. gallisepticum-host interaction.
